The principal phospholipids of Bacillus megaterium throughout the cycle of growth and sporulation were found to be phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, and a hitherto unidentified isomer of glycosaminylphosphatidylglycerol. Phosphatidylglycerol predominated during vegetative cell growth and then declined as spores developed, whereas diphosphatidylglycerol became more prominent during spore maturation. The latter phosphatide was relatively inaccessible in the vegetative cell and was more accessible in the spore, as judged by solvent extraction under various conditions.
Extensive growth and elaboration of new membranes are important features in the development of the bacterial endospore. Until now, phospholipid analyses of sporeformers have been limited to the vegetative cellular phase. With respect to Bacillus megaterium, striking differences in composition, attributable to the strain and growth conditions, have been reported (28, 30) . The studies of Op den Kamp et al. (20, 21 ; Ph.D. Thesis, Univ. of Utrecht, Utrecht, The Netherlands, 1968) have, in addition, identified a new phospholipid, a glucosaminyl derivative of phosphatidylglycerol (PG). We wished to know whether distinctive patterns in the nature and relative abundance of phospholipids might accompany the several stages in the cycle of differentiation and morphogenesis in this organism. We also wondered whether a sporulating cell might provide an opportunity to determine the heterogeneity of a bacterial cell's membranes and related aspects of their composition, function, and metabolic fate.
In the present studies, we found that four compounds which comprise over 95% of the phospholipids are present throughout the growth and sporulation cycle. However, they show marked variations in relative and total amounts in relation to phases of growth and spore maturation. One of these compounds is a newly identified glucosaminyl derivative of PG, in which glucosamine is linked to the 1'-hydroxyl group of PG instead of the 2'-hydroxyl as in Op den Kamp's I Present address: Biochemisch Laboratorium der Ryksuniversiteit, Vondellaan 26, Utrecht, The Netherlands. compound (Ph.D. Thesis, Univ. of Utrecht, Utrecht, The Netherlands, 1968). That the phospholipids are not uniformly distributed through the cell and spore is suggested by their differential extractability, especially that of diphosphatidylglycerol (DPG).
A companion report describes the levels of fatty acids and their distribution among the phosphatides and other lipids of B. megaterium during the growth and sporulation cycle (24) .
MATERIALS AND METHODS
Growth of cells and spores. B. megaterium strain QM B1551, a gift from H. S. Levinson, was grown in a nutrient broth (Difco) supplemented with 0.1% glucose, 1 mm CaCl2, 1 gM FeSO4, 10 ,M MnC12, 13 mm KCl, 1.6 mm MgSO4, and 5 to 10 mc of 32P inorganic phosphate (New England Nuclear Corp.) per liter. The concentration of phosphate in the nutrient broth was approximately 2 mm and was predominantly inorganic orthophosphate. The bacteria were grown in a culture volume one-twentieth of the flask volume, in flasks rotated rapidly at 37 C. The cells and spores were harvested without washing and, if not used directly, were stored as a paste at -10 C.
Extraction and separation of phospholipids. A weighed quantity of cell (or spore) paste was extracted in one-phase solvent as follows. Paste (e.g., 0.2 g) was suspended in sodium acetate buffer (pH 4.0; final concentration, 0.1 M) to a total volume of 1.0 ml (assuming the cell paste to be 80% water). Chloroform (1 ml) and methanol (2.2 ml) were then added and upon mixing gave a single phase. This Paper chromatography was carried out on silicaimpregnated paper with diisobutylketone-acetic acidwater (8:5:1, v/v) as described by Marinetti et al. (18) . Column chromatography on silicic acid was used for the large scale isolation of glucosaminylphosphatidylglycerol (GlcNPG).
The following compounds were used as standards: DPG synthesized as described by de Haas and van Deenen (11); PG, alanyl ester of PG (alaPG), and lysyl ester of PG (lysPG) synthesized as described by Bonsen et al. (3) (4) (5) ; phosphatidylethanolamine (PE) isolated from soya-lecithin as described by Scholfield and Dutton (25) Phospholipid levels were based on specific radioactivity values determined by total phosphate analyses (7) . Protein values were determined by the ninhydrin reaction on alkaline hydrolysates (8) . Amino Phospholipid levels during growth and sporulation. The level of total phospholipids continued to increase even after the absorbance of the culture became stationary (Fig. 2, 3) ; it then began to decrease sharply at a stage when about half of the cells in the culture contained a refractile spore (Fig. 2, 3 ). This fall in phospholipids preceded the lysis that liberates free spores and occurred even earlier than the decrease in protein concentration which characterizes the later stages of sporulation. Since PG is the predominant phospholipid, the total values are largely a reflection of changes in the level of this component; the decrease in the level of PE, however, was even greater than that of PG. Among the other three principal phospholipids only DPG showed a different pattern. The level of DPG became constant when log-phase growth was completed, remained that way until the stage when most cells had refractile spores, and then increased to about three times that level by the time fully mature spores were produced.
It must be emphasized that these values, for example those of DPG, are not derived from a homogeneous population of cells, since it is apparent from Fig. 2 (Fig. 1B) . Upon disruption of the cells by sonic treatment, the remainder of the phospholipids showed DPG to be a major if not the predominant compound (Fig. 1C) . By the time sporangia contained mature spores, only half of the phospholipid was extracted directly and sonic disruption was required for extraction of the rest; there was no striking difference in pattern of the constituent phospholipids between the direct and sonic-treated extracts (Fig. 4) .
Unlike the fluctuation in the levels of the total extractable phospholipids (Fig. 3) , there appeared to be a relatively constant level of the not readily extractable portion in the case of each phospholipid (Fig. 4) . With DPG, the large increase during spore maturation is almost entirely in the readily extracted fraction. The sharp losses in PG and PE during sporulation also seem to have to its linkage to compounds in the membranes which withstand the solvent or to an intracellular location of membranes inaccessible to the solvent. Disruption of the cell and membranes by sonic oscillation exposes the DPG to extraction but this result can be explained by either of these alternatives.
Extraction of log-phase cells in the presence of 10 mM ethylenediaminetetraacetic acid showed no marked improvement in DPG extraction and thus the likelihood of a strong metal chelation of DPG as the basis for its resistance to extraction is weakened. The use of 90% acetone, especially with ammonia, has been recommended for the extraction of mitochondrial phospholipids (13) including their DPG (W. Stoeckenius, personal communication). Log-phase cells exposed to the acetone solvents appeared emptied of their contents in most cases. The yield of phospholipids was lower, even after subsequent treatment in the solvent, probably as a result of the lower solubility in acetone of phospholipids with saturated fatty acids. In view of the apparent cellular disruption, these experiments permit no judgment as to the location of the DPG.
Treatment of log-phase cells with lysozyme (14) , with or without protoplast formation, led to a ready solvent extraction of the DPGr (Fig. ID) . Incubation of cell suspensions also resulted in considerable lysis and made the DPG extractable. These experiments were complicated by a twofold or even greater increase in the total level of DPG during the lytic procedure. Fluctuation in the level of DPG, especially as a function of cell treatment between harvesting and extraction, was difficult to control and assess. The extractability of DPG upon cellular lysis might be interpreted as the exposure of previously inaccessible membranes to the solvent. Nevertheless, the indications that there were extensive compositional changes in the phospholipids, within even the brief periods preceding cellular lysis, make such an interpretation uncertain.
Extraction of DPG from spores. The fact that sonic disruption is necessary to extract about half of the spore's phospholipids (Fig. 4) may be taken to indicate that certain membranes in the intact spore are not accessible to the solvent. In this instance, unlike vegetative cells, this lack of extractability is not limited to DPG, but applies to all the phospholipids.
A distinctive location of DPG was found in the case of spores isolated from culture grown without glucose added to the medium. Such spores, unlike those in media supplemented with 0.1% glucose, had associated with them phospholipid which was readily removed by procedures commonly employed to prepare "clean" and viable spores. The predominant phospholipid removed by mild sonic treatment of an aqueous suspension was DPG (Table 1) . Subsequent extraction of such spores by solvent without and then with sonic disruption revealed the phospholipid pattern observed in spores produced in glucose-supplemented cultures (compare Table 1 and Fig. 4 ). These observations might be ascribed to the presence of an exosporial membrane, presumably rich in DPG. An exosporial membrane is prominent in electron micrographs of B. cereus (14) 6 Spores (1.0 g) prepared in a medium without added glucose were first washed with cold 0.1 M NaCl and then were suspended in 0.1 M KCl to a volume of 4 ml. Part of this suspension was exposed to a mild sonic treatment (four 1-min pulses with a Mullard ultrasonic drill; no glass beads). The pellet, collected by centrifugation, was washed with 0.1 M NaCl (pellet); the supernatant fluid and wash were combined (supernatant fraction). Each sample (with or without this prior treatment) was completely extracted by a combination of direct solvent extraction and sonic treatment. The supernatant fraction contained 2.5 times as much phospholipid as the pellet.
b All values expressed as per cent of total in extract.
exosporial structure has also been identified in certain strains of B. megateriwn (27) , although clear morphological evidence for an exosporium in this species has not been obtained. The absence of a DPG-rich membrane in the case of our glucose-supplemented cultures might be ascribed to a greater abundance of lytic enzymes which destroyed it during or subsequent to liberation of the spores. The phospholipid composition of cells during growth and sporulation in nutrient broth not supplemented with glucose was determined and appeared to be essentially similar to the pattern described here; DPG was similarly resistant to direct extraction by the single-phase solvent. DISCUSSION The presence of PG, PE, and DPG in B. megateriwn is rather typical of the assortment of phospholipids found in bacteria (16) . The glucosamine derivative of PG is, however, unusual, the only other examples of it having been found by Op den Kamp et al. (20, 21) in another strain of B. megateriwn and by Phizackerley et al. (23) in Pseudomonas ovalis. In the latter case, no conclusive evidence was given for the exact structure. Op den Kamp et al. (20) (21) (22) found their glucosaminyl compound only when the pH of the growth medium was reduced to about 5; at neutral pH almost none of this compound was present. In our studies, however, GlcNPG was found under normal growth conditions. Whereas in Op den Kamp's strain (Ph.D. Thesis, Univ. of Utrecht, Utrecht, The Netherlands, 1968) about 20% of the phospholipids consisted of lysPG, our strain showed little, if any, amino acyl esters of PG. The apparent structure of our glucosamine compound is shown in Fig. 5 .
After the completion of this manuscript, a report by P. J. R. Phizackerley (19) in their studies of B. polymyxa. The requirement for disruption of the spore in order to extract the phospholipids completely was also observed earlier in B. megateriwn by Fitz-James (12) and by Yamakawa et al. (29) . However, the differential extraction of phospholipids, particularly DPG, suggests that the phospholipids may be deployed in special ways in both the vegetative cells and spores. DPG, unlike the other phospholipids, was extractable from vegetative cells only after mechanical disruption or osmotic lysis. One possibility is that DPG is localized in intracellular structures, of which the mesosome is a speculative example. Our results also suggest that DPG is associated with structures that adhere to spores and are readily removed from 
